Ferrate (FeO 22 4 ) is believed to have a dual role in water treatment, both as oxidant and coagulant. Few studies have considered the coagulation effect in detail, mainly because of the difficulty of separating the oxidation and coagulation effects. This paper summarises some preliminary results from laboratory-based experiments that are investigating the coagulation reaction dynamically via a PDA instrument, between ferrate and humic acid (HA) at different doses and pH values, and comparing the observations with the use of ferric chloride. The PDA output gives a comparative measure of the rate of floc growth and the magnitude of floc formation. The results of the tests show some significant differences in the pattern of behaviour between ferrate and ferric chloride.
INTRODUCTION
The application of oxidizing chemicals in the treatment of drinking water and wastewater continues to be an active topic of scientific research and an interest to water utility practitioners. This arises from the continuing need to meet higher water quality objectives and to employ treatment chemicals that are cost-effective and which lead to a low level of by-product formation. Of particular interest are those chemicals which are able to contribute to a variety of treatment objectives. In this respect, salts of the ferrate removal of organic colour in model waters (tap water spiked with humic acid (HA)) was substantially greater with ferrate compared to ferric sulphate at low equivalent doses (,1 mg/L as Fe; designated subsequently as, mg Fe/L), and Jiang et al. (2001) also found that ferrate performed better than ferric sulphate in treating a natural upland coloured water (reduction in UV 254 absorbance) at low doses (,2 mg Fe/L, pH 5). In a subsequent study involving model waters containing humic and fulvic acids, Jiang & Wang (2003) showed that in general ferrate could achieve a better performance in removing UV 254 absorbance and dissolved organic carbon (DOC) in comparison with ferric sulphate, but with HA the performance (ie. removal of DOC) was inferior to ferric sulphate at higher doses (.9 mg Fe/L with 20 mg/L HA at pH 6). Whilst these and other previous studies have referred to the beneficial combination of oxidation and coagulation effects with ferrate, there appear to be very few studies that have considered these effects in detail; it is assumed that this is mainly because of the difficulty of separating the oxidation and coagulation effects when ferrate is applied. Previous studies of the pre-oxidation of natural organic matter by other oxidants (e.g. ozone) have indicated that while there is a definite change in the nature of the organic molecules as indicated by UV 254 absorbance (decrease) and molecular weight distribution (shift to lower molecular weight), there may be a deleterious effect on their subsequent removal by coagulation. Thus, O'Melia et al. (1999) reported that with waters containing moderate to high levels of total organic carbon (TOC) (.4 mg/L), pre-ozonation increased the optimum coagulant dose or reduced the DOC removal at a given coagulant dose. Given that the treatment of humictype waters are typically undertaken in acidic conditions (such waters naturally have a low pH), where ferrate has a similar oxidation potential to ozone and rate constants for the reaction of ferrate with phenolic-type compounds have been found to be high (e.g. ,10 3 M 21 s 21 for bisphenol A; Li et al. 2008) , it is expected that similar effects will occur between ferrate and humic substances. This paper summarizes some new results from a laboratory-based project that has investigated further the comparative oxidation and coagulation effects of ferrate in the treatment of humic substances in model and raw waters.
EXPERIMENTAL METHODS

Chemicals and analytical methods
All water was treated to ultra-pure quality (Purite-Neptune water purification system) before use in the experimental work. Solid potassium ferrate was produced in the laboratory by the wet oxidation method of Li et al. (2005) in which ferric nitrate was oxidized with potassium hypochlorite, and solid phase ferrate was precipitated in strong alkaline conditions. The purity of the ferrate, estimated to be 95%, and the concentration of ferrate in solution, were determined by visible light absorbance spectrophotometry; both by the conventional method (at 510 nm, pH 9) and by a novel, indirect spectrophotometric method involving 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonate (ABTS) and an absorption wavelength of 415 nm (Lee et al. 2005) . Ferric chloride (BDH, UK) was prepared as a 10 mM stock solution before the commence- et al. (2000) , and mass recovery was 90 -95%. The molecular weight distribution of the different chemical fractions was evaluated by size exclusion chromatography (SEC) (Waters 2695 HPLC with photodiode array detection, Waters Corp., UK) following the method described by Zhou et al. (2000) . Colloid charge was determined using a 'ZetaPALS' zeta potential analyzer (Brookhaven Instruments Corp., New York, USA).
Coagulation tests
Our studies involved observation of the reactions between ferrate and model waters containing HA (10 and 20 mg/L) at different Fe doses (5-500 mM) and pH values (4-7), and comparing the observations with the use of ferric chloride, a typical Fe[III] coagulant, under identical conditions.
Further tests were carried out using samples of real water obtained from an operational treatment works located in the north of England that employs an iron salt as coagulant.
The raw water was supplied from an upland reservoir and the water quality at the time of sampling had a DOC of 11 mg C/L and a UV 254 absorbance of 50.8 m 21 , giving a SUVA of 4.6 L/mg m. While the SUVA values for the real and model waters were quite different, they both correspond to a highly aromatic, humic type of organic content, which allowed the treatment behaviour of the two waters to be compared.
The coagulation behaviour was evaluated by use of a photometric dispersion analyzer (PDA 2000, Rank Brothers, UK) in a modified jar test procedure. The PDA is an instrument for observing rapidly changing particle suspensions via an optical technique that analyses the light transmitted through a flowing suspension; the instrument measures the average transmitted light intensity (dc value) and the root-mean-square (rms) value of the fluctuating component. The output, either the rms or rms/dc ratio, is qualitative in nature and serves as a relative measure of the change in particle size and density distributions (Gregory & Nelson 1986) ; it is referred to as the Flocculation Index (FI). speed was then reduced to 50 rpm (48 s 21 ) and held at this value for the required time (10 -60 min). Coagulation/ flocculation of the humic solution was indicated by a sharp rise in the FI and the maximum steady value of FI was taken for comparison between tests in order to identify the optimum polymer dosage and conditions (Gregory & Nelson 1986) ; an example of the PDA output is shown in Figure 1 . A subsequent 30 min period of quiescent settlement was allowed after the stirring phase, and samples of the solution supernatant were taken for the measurement of UV absorbance (at 254 nm) and DOC.
RESULTS AND DISCUSSION
The interaction between ferrate and HA was investigated extensively in comparison with that of ferric chloride as a reference Fe coagulant under the same conditions. To summarise salient aspects of the coagulation behaviour, the results at pH 5 and 7 are principally described here since they correspond to the two predominant mechanisms of coagulation, these being 'charge neutralisation' and 'sweep flocculation', respectively (Duan & Gregory 2003) . While it is well known that the optimal pH for ferric salts is within the range of 3.7-4.2 (e.g. Jiang et al. 1996) , it is preferable in practice to conduct coagulation at pH values $ 5 in order to reduce residual Fe solubility and the extent of subsequent For the upland water samples (Figure 4(a) ), the optimal dose stoichiometry at pH 5 was slightly greater at approximately 1.7 mg Fe/mg C removed, which compares closely to corresponding values reported in other studies with Fe salts and river derived humic substances (e.g. 1.76
by Jiang et al. 1996; 1.8 by Eikebrokk 1999) .
The comparative FI results for ferrate were substantially different to those for ferric chloride (see Figures 2 and 3) .
For both HA concentrations the optimal dose of ferrate, as equivalent Fe for maximum FI, was greater (20 -50%) than with ferric chloride and the Fe dose range corresponding to significant HA coagulation was much broader, principally
for Fe doses greater than the optimal dose (ie. for the charge restabilisation region). While the value of the FI is not an absolute quantity, it is a relative measure of the size and density of coagulant flocs and the results showed a much greater degree of coagulation/flocculation for ferrate at Fe doses greater than (up to double) the optimal Fe dose for ferric chloride.
In contrast to the observed behaviour in terms of maximum apparent floc growth, the resulting HA removal (as % TOC removal) with ferrate was found to be slightly inferior to that with ferric chloride (see Figure 3 ). While the absolute removal of organic carbon was high in both cases (viz. 90% for ferric chloride; 85% for ferrate) the ferrate performance was consistently less than ferric chloride over the complete range of Fe doses studied. This behaviour was also observed with the upland coloured water (Figure 4) where a similar degree of organic carbon was removed.
Eikebrokk (1999) also reported a high removal (,80%) of TOC by ferric chloride sulphate at pH 5 for a low alkalinity, high humic raw water. The difference in the coagulation behaviour of ferric chloride and ferrate is believed to be the result of the oxidation effects of ferrate. In previous studies of the direct effects of ozone on humic substances (HS), Graham (1999) summarised the following changes that may be caused by ozone oxidation: a strong and rapid decrease in colour and UV absorbance due to a loss of aromaticity and depolymerisation; a small reduction in TOC (eg 10% at 1 mg O 3 /mg C); a slight decrease in the high apparent molecular weight fractions, and a slight increase in the smaller fractions; a significant increase of the carboxylic functions; and the formation of ozonation byproducts.
Ferrate treatment is believed to cause similar effects, given that its nominal oxidation strength (E 0 2.20 V; Jiang & Lloyd 2002) , is equivalent to ozone (E 0 2.07 V). Thus, Table 1 shows the direct oxidation effect of ferrate on humic substances, expressed as the percentage reduction in DOC.
These tests were carried out in phosphate (5 mM Figure 3 (b), for [Fe] . 200 mM). An attempt was made to obtain supporting information from colloid charge measurements, and Figure 5 shows the zeta potential of colloids formed 3 min after coagulant addition. The results, although preliminary in nature, indicate significant differences in behaviour between ferrate and ferric chloride, and are broadly consistent with the mechanism described above. Thus, with ferric chloride there is a clear charge reversal with increasing dose, while with ferrate the colloid charge remains close to zero with increasing ferrate dose;
thus, there is no charge reversal as the increasing Fe dose is matched by increasing HA electronegativity from ferrate oxidation.
The results of the tests carried out with upland coloured water showed that ferrate and ferric chloride had a very similar optimal Fe dose corresponding to a maximum FI value, and both chemicals displayed a charge restabilisation region for Fe doses above the optimal concentration.
However, ferrate was able to achieve a greater degree of floc formation at doses above and below the optimal dose. This difference may be important practically in terms of the performance of subsequent separation processes (e.g.
flotation, sedimentation, filtration) and the resulting final water quality. Also, for waters containing turbidity as well as HS, the enmeshment of turbidity by more voluminous flocs may be a considerable advantage in their removal. In contrast to the greater floc formation, the degree of organics removal (DOC) with ferrate was clearly inferior to ferric chloride in the laboratory tests which suggests that in practice there may be a greater quantity of smaller molecular weight, hydrophilic organic compounds present in final waters by applying ferrate instead of a conventional ferric salt.
The results of the model water tests conducted at pH 7 were different in various respects to those at pH 5. At pH 7 the coagulation of NOM by iron salts is well known to be less effective than at pH 5, since the principal mechanism is believed to be adsorption of HS on to iron hydroxide precipitates rather than charge neutralisation and precipitation of iron-humate complexes (Duan et al. 2002) ; thus, coagulation requires much greater Fe concentrations in order to precipitate sufficient quantities of Fe(OH) 3 . Comparing the results for ferric chloride at pH 5 (Figure 2(a) ) and pH 7 ( Figure 6(a) ) it can be seen that a much greater Fe dose (.300 mM) was required to achieve the maximum FI at pH 7 than at pH 5 (50 mM), and the narrow Fe dose range for coagulation at pH 5 was not evident at pH 7. Comparison of the coagulation of HA by ferrate with ferric chloride at pH 7 ( Figure 6(a,b) ), showed a similar minimum Fe dose required for coagulation, work and the results presented in this paper, which display some differences to the previous studies, it is evident that the nature of the interaction between ferrate and humic acids is complex and depends on many factors. In addition to the variability in the properties of the natural organic matter, the pH and coagulant metal ion dose are known to be key factors that affect the coagulation performance. With the application of ferrate the coagulation behaviour will be affected by the kinetics and extent of oxidation and charge interaction between cationic Fe hydrolysis species and Fe(OH) 3 precipitation.
The results of this study have shown that ferrate achieved comparable, or better, floc formation to ferric chloride over a much broader Fe dose range at both pH 5 and 7. However, associated with this was a lower degree of organics removal (as DOC) than ferric chloride, which was minor at pH 5 (, 5%), but much greater at pH 7. The results obtained from model waters containing HA were consistent with those for samples of a natural upland coloured water.
Experimental evidence showed that the organic macromolecules are cleaved into smaller, more hydrophilic fractions where ozonation was shown to have an adverse effect on coagulation and TOC removal. They explained that there is a shift in the distribution of NOM toward smaller, more oxygenated compounds caused by the oxidation process.
The smaller compounds typically have a higher negative charge, thus a more reactive surface area of coagulant (alum, in their study) is needed to obtain the same TOC removal.
